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EFFECTS OF BLUNTNESS ON THE SUBSONIC DRAG 


OF AN ELLIPTICAL FOREBODY 

By John D. Norris and Robert J. McGhee 
Langley Research Center 

SUMMARY 

An investigation has been conducted in the Langley 8 -foot transonic pressure tun- 
nel to determine the effects of forebody bluntness on the subsonic drag coefficient of a 
family of elliptical forebodies in combination with a cylindrical afterbody. Most of the 
tests were conducted at a constant Reynolds number of 6.3 x 1C)6 (based on length of cylin- 
drical afterbody) through a Mach number range from 0.20 to 0.90. In addition, at a 
Mach number of 0.60, tests were conducted over a Reynolds number range from approx- 
imately 4.1 x 10^ to 13.3 x 10^. All tests were conducted at 0° angle of attack. 

The results indicate that increasing the forebody bluntness rapidly decreased the 
drag- rise Mach number, except where flow separation ahead of the forebody shoulder 
occurred. The presence of shock systems at the high subsonic Mach numbers steepens 
the pressure gradient and promotes separation for moderate forebody bluntness. It 
appears that for a Mach number equal to or less than 0.60 a bluntness ratio as low as 0.65 
can be tolerated before a large increase in drag occurs. 

INTRODUCTION 

With the advent of some of the newer space vehicle systems there has been an 
increased interest in the aerodynamic characteristics of basic blunt forebody- cylinder 
combinations which would be representative of stages of reusable launch vehicles or 
tankage systems. For conceptual reusable launch vehicles the first stage would separate, 
after its initial lift-off boost, and fly back and make a horizontal landing. A blunt fore- 
body shape would result in a significant reduction in interstage weight and hence large 
payloads but may also result in a higher drag during first-stage flyback to the recovery 
site. Consequently it is important to have meaningful aerodynamic inputs so that the 
trade off between aerodynamic characteristics and interstage weight can be optimized. 

The available information relating the effects of forebody bluntness on drag was for var- 
ious afterbody shapes and different Reynolds numbers. Most of the reported data, such 
as references 1 and 2, are for Reynolds numbers for which laminar flow would be 
expected over the forebody. 



The present investigation was initiated to determine the drag characteristics of a 
family of elliptical forebodies in combination with cylindrical afterbodies and varying 
from a hemisphere to a plane nose; the tests were made at large Reynolds numbers for 
which turbulent flow exists over the forebodies. 

The investigation was conducted in the Langley 8-foot transonic pressure tunnel at 
subsonic Mach numbers from 0.20 to 0.90. Most of the tests were conducted at a constant 
Reynolds number of 6.3 x 10® (based on length of cylindrical afterbody) for the Mach num- 
ber range; at a Mach number of 0.60 additional tests were conducted over a Reynolds num- 
ber range from approximately 4.1 x 10® to 13.3 x 10®. 

SYMBOLS 


The units used for the physical quantities defined in this paper are given both in 
U.S. Customary Units and in the International System of Units (SI). 

A cross-sectional area of cylindrical afterbody, , 0.4295 foot^ 

(399 centimeter2) 

a semiminor axis of elliptical forebody (fig. 1) 

b semimajor axis of elliptical forebody (fig. 1) 

Cq drag coefficient, C D,t ‘ C D,b 

C n v. base drag coefficient, Base ^ ra g 

D,b ° qA 

S,. 7 

Cp j forebody drag coefficient, Cj-j - Cp 

C-r, + total drag coefficient, Total drag 

D,t qA 

Cp average turbulent skin-friction coefficient of cylindrical afterbody 

d diameter of cylindrical afterbody, 8.875 inches (22.543 centimeters) 

M free -stream Mach number 

q free-stream dynamic pressure, pounds per foot^ (newtons per meter2) 

R Reynolds number based on cylindrical afterbody length of 31.500 inches 

(80.010 centimeters) 
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S w wetted area of cylindrical afterbody, 6.960 foot2 (6466 centimeter2) 

x,y rectangular coordinates (fig. 1) 

APPARATUS AND TESTS 
Models 

The model consisted of a cylindrical body with various forebodies attached. Details 
of a family of elliptical forebodies are shown in figure 1 and photographs of the basic 
model and the forebodies are presented in figure 2. The basic cylindrical afterbody had 
a length-diameter ratio of 3.55. Each forebody was constructed so that the nose-cylinder 
juncture did not coincide with the end of the forebody, but was 1 inch (2.54 cm) rearward 
of the forebody shape on the cylindrical afterbody. The forebody coordinates were deter- 

2 2 

mined from the expression for an ellipse = 1. (See fig. 1.) Six forebodies were 

a^ b ' 2 

tested in combination with the cylindrical afterbody; the nose or forebody shape varied 
from a hemisphere ^ = 1^ to the limiting case of a flat or plane nose ^ = oj. The six 
forebody shapes, identified as configurations 1 to 6, are shown in figures 1 and 2. 

Tests 

The investigation was conducted in the Langley 8-foot transonic pressure tunnel. 

The six configurations were tested at Mach numbers of 0.20, 0.40, 0.60, and 0.80 (config- 
uration 1 was also tested at Mach numbers of 0.30, 0.50, 0.70, and 0.90) for a constant 
Reynolds number of 6.3 x 10*3, based on the length of the cylindrical afterbody. (See 
fig. 3.) The six configurations were also tested over a Reynolds number range from 
approximately 4.1 x 10$ to 13.3 x 10® at a Mach number of 0.60. All tests were conducted 
at 0° angle of attack. 

The drag acting on the models was measured by an internal strain- gage balance 
located in the cylindrical afterbody. Static pressures at the base of the model were meas- 
ured and the total drag coefficient ^ has been adjusted to correspond to the conditions 
of free-stream static pressure acting at the model base; hence, the drag coefficient 
shown as is the sum of the forebody pressure and skin friction and the afterbody 

skin friction. The estimated accuracy of Cjj ^ based on instrument calibration for 
R = 6.3 x 10 6 is ±0.003 at M = 0.80 and ±0.043 at M = 0.20. 

Methods 

Many of the previous tests were conducted at Reynolds numbers and surface condi- 
tions for which most of the flow over the forebody would probably be laminar. (See 
refs. 1 and 2.) In an attempt to insure that turbulent flow existed over the forebodies for 
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the present investigation, a 0.10-inch-wide strip of No. 80 carborundum grains was 
applied to the forebody section at a location determined by a 40° angle measured from 
the forebody center line at x = 0 for configurations 1 to 4 and at 50 percent of the fore- 
body radius for configurations 5 and 6. References 3 and 4 were used as a guide to deter- 
mine the grit size necessary to insure boundary- layer transition. 

Oil-flow pictures were taken during phases of the wind-tunnel investigation in order 
to ascertain the types of flow and flow patterns over the forward section of the models. 
This technique (described in detail in ref. 5) consists of spreading a fluorescent-oil film 
over the model and viewing the flow pattern and relative densities under ultraviolet 
light. 

The average turbulent skin-friction coefficient of the cylindrical afterbody C p 
was computed by using the Karman-Schoenherr equation for incompressible flow and the 
Sommer and Short T* method to correct for compressibility effects (Appendix B of ref. 6). 
The forebody drag coefficient presented herein C D f therefore is the external drag coef- 
ficient C D decreased by the calculated skin-friction drag coefficient. For the entire 
investigation turbulent flow was considered to exist on the cylindrical afterbody and no 
account has been taken of the effect of any regions of flow separation on the afterbody 
skin-friction drag coefficient. 


RESULTS AND DISCUSSION 

The results of this investigation have been divided into two parts; the first consists 
of oil-flow pictures of selected configurations and the second consists of the basic data 
for the six configurations. Figures 4 and 5 illustrate the flow patterns over the forebody 
portion of the models. Figure 6 presents the drag coefficient C D and the base drag 
coefficient C D b plotted against Mach number for configuration 1 with and without car- 
borundum transition strips. In figures 7, 8, and 9 the drag coefficient C D is presented 
as a function of Mach number, bluntness ratio or forebody shape, and Reynolds number, 
respectively, for the different configurations tested. In order to determine the effects 
of forebody shape only, the turbulent skin-friction drag coefficient of the cylindrical after- 
body was calculated and subtracted from the drag coefficient to give the net forebody 

drag coefficient C D f . The forebody drag coefficients for the various configurations were 
normalized to C n f ' for configuration 1 (the hemispherical forebody) and this normalized 
C D f 9 

coefficient — > . is presented in figures 10 and 11 as a function of Mach number and 
( C D,f)l 

of forebody shape, respectively. 
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Flow Characteristics 


In order to establish what type of flow existed over the forebody section, oil-flow 
photographs were obtained over a range of Reynolds numbers at M = 0.60 for config- 
uration 1 and over a range of Mach numbers for all configurations at a constant Reynolds 
number of 6.3 x 10®. Configuration 1 was tested with various surface conditions, and 
oil-flow pictures were taken of the resulting flow patterns. Figure 4 shows a comparison 
of the oil-flow pictures for a constant Reynolds number of 6.3 x 10® at M = 0.60 
and 0.80 for configuration 1 with the forebody surface smooth and with the transition 
strip located as described previously. Thus, from the photographs for M = 0.60 
(figs. 4(a) and 4(b)), it can be seen that laminar flow exists over the smooth forebody 
surface with separation occurring at the shoulder, whereas an early transition occurs 
and turbulent flow exists over the forebody with transition strips and there is little evi- 
dence of separation occurring at the shoulder. The high shearing action of turbulent 
flow is characterized by the streaks in the oil film whereas laminar flow with its lower 
surface shear stress leaves a thicker oil film and, consequently, a brighter picture. The 
oil tends to pile up in the separated regions as shown in figures 4(a) and 4(c). Fig- 
ures 4(c) and 4(d) indicate that at M = 0.80 local critical speeds may have been reached 
near the forebody shoulder and have resulted in shock- induced separation. 

Figure 5 shows the effect of Mach number for configuration 2 (a/b = 0.67) with a 
transition strip on the forebody and indicates that turbulent flow existed over the forebody 
region for a Reynolds number of 6.3 x 10® for the entire test Mach number range. Fig- 
ure 5(c) shows evidence of a shock system at M = 0.60 by the bright concentration of 
oil approximately at the shoulder. Figure 5(d) shows the shock system present which 
resulted in separation near the shoulder at M = 0.80. From evaluation of all the oil- 
flow data, of which figures 4 and 5 are representative, it is concluded that with a transi- 
tion strip consisting of No. 80 carborundum grains located on the forebody turbulent flow 
was obtained for configurations 1 to 5 at all Mach numbers for which the test Reynolds 
number exceeded about 6.0 x 10®. 

External Drag Coefficient 

The drag coefficient and the base drag coefficient Cj-j ^ are plotted in fig- 

ure 6 against Mach number for configuration 1. The forebody was tested with the surface 
smooth, with a carborundum transition strip applied at the forebody shoulder, and with a 
carborundum transition strip on the forebody. It is evident that the transition strip 
applied at the shoulder had little or no effect on C^; however, above M = 0.60, the 
transition strip added to the forebody caused a reduction in C^. As previously dis- 
cussed, figures 4(c) and 4(d) showed that, at M = 0.80, flow separation occurred earlier 
on the forebody with laminar flow than with turbulent flow. This occurrence therefore 
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explains the reduction in C D which would result from the larger negative pressures 
achievable in the shoulder region for turbulent flow. 

Figure 7 presents the variation of and Cj) ^ with Mach number at a con- 

stant Reynolds number of 6.3 x 10® for configurations 1 to 6. It can be seen that blunting 
the forebody causes the drag rise to occur at a lower Mach number. The drag rise for 
configurations 1, 2, and 3 is probably a result of the presence of a shock system which 
steepens the pressure gradient and promotes separation. The initial high level of drag 
for configurations 4, 5, and 6 is believed to have resulted from early flow-induced separa- 
tion ahead of the shoulder. For flow already separated ahead of the shoulder, the effect 
of Mach number induced separation is of secondary importance. A correlation of various 
experimental drag data was made in reference 1 for cylinders with hemispherical and 
plane noses. The results of the present investigation generally indicate lower levels of 
drag coefficient than those of reference 1 — probably a result of the existence of some 
flow-induced separation at the shoulder for the data of reference 1. The forebody drag 
coefficient Cp f fo; configuration 1 is also shown in figure 7 for comparison. 

Blunting the forebody caused a reduction in the base drag coefficient C D ^ as 
shown in figure 7. For configuration 6 the most significant change in Cp ^ occurred at 
M = 0.80 where Cp ^ is almost zero, a value indicating that the pressure at the base 
of the model was approximately equal to the free-stream pressure. The results pre- 
sented in reference 7 indicate that for a flat-faced forebody shape the flow separates tan- 
gentially at the shoulder and reattaches downstream on the afterbody with a resulting 
increase in pressure due to the reattachment and mixing associated with the turbulent 
eddies of the separated vortex. From reference 7, the reattachment for the present 
model would be expected to occur near the base of the cylindrical afterbody and to result 
in the higher base pressures shown. It is concluded, therefore, that at least for the two 
bluntest forebodies, configurations 5 and 6, significant regions of flow separation over the 
afterbody were probably present. 

Figure 8 presents the drag coefficient C D plotted against the bluntness ratio a/b 
for the test Mach number range. It can be seen that some blunting (a/b < 1) can be tol- 
erated below M = 0.60 before the onset of serious increases in drag coefficient associ- 
ated with flow separation. For example, the data indicate that values of a/b from 1 to 
about 0.65 provide approximately the same values of drag coefficient for M = 0.60. 

All six configurations were tested through a Reynolds number range from about 
4.1 x 10® to 13.3 x 10® at M = 0.60 and the results are shown in figure 9. Turbulent 
flow was probably achieved on the forebody for configurations 1 and 2 with no separation 
and low drag coefficients resulted. Configurations 3 to 6 show the highest values of C^, 
probably resulting from the laminar flow separation discussed earlier for the forebodies 
at the lower Reynolds numbers. As the Reynolds number was increased the flow over the 
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forebody became turbulent and the separation point moved rearward, thereby decreasing 
Cj-j for configurations 3 to 5. For configuration 6 it would be expected that Reynolds 
number would not affect the drag level since separation would occur at the shoulder for 
this flat-faced configuration regardless of laminar or turbulent flow existing on the fore- 
body. The forebody drag coefficient Cj) f for configuration 1 has been included in the 
figure for reference. Figure 9 also shows the drag coefficient from unpublished data from 
another test (in the Langley 8-foot transonic pressure tunnel) for a cylindrical body with 
a length-diameter ratio of 4 and an elliptical forebody shape corresponding to a/b = 1 
with a transition strip located at the juncture of the forebody and cylinder. It is seen 
that, even at a Reynolds number of 3.2 x 10®, the drag level is in good agreement with the 
results of the present test. 


Forebody Drag Coefficient 


Figure 10 presents the forebody drag coefficient normalized to the forebody drag 
coefficient of configuration 1 (hemispherical forebody) as a function of Mach number for 
configurations 2 to 6. Any flow separation on the cylindrical afterbody has not been taken 
into account on the afterbody skin-friction drag coefficient used in determining the nor- 
malized forebody drag coefficient. It can be seen that blunting the forebody increased 
Cn f Cn f 

— ; — « — and that the increase in 7— — 2 -r- varied from only a few percent, for configura- 
( C D,f)i ( C D,f)i 


tion 2 over the Mach number range and for configuration 3 at the low Mach numbers, to 
values approaching 2 orders of magnitude above the drag coefficient for the basic hemi- 
spherical forebody. The large range of forebody drag at the low Mach numbers is associ- 
ated with the flow-induced separation which did not occur for the reference forebody 
(a/b = 1), and the tendency for all values to converge at the highest test Mach number 
results from the fact that even the reference configuration has experienced a large tran- 
sonic drag rise. The observed trend for an initial increase in the normalized drag coef- 
ficient prior to the transonic decrease shown for configurations 3, 4, and 5 is the result 
of the earlier drag rise associated with shock-induced separation over the shoulder. It 
is not clear, however, that any shock- induced separation existed for the flat-faced fore- 
body, configuration 6. The data have also been plotted in figure 11 as a function of 
bluntness ratio a/b. As discussed previously, it is readily seen that, at MS 0.60, a 
bluntness ratio as low as about 0.65 can be tolerated before a large increase in forebody 
drag occurs. 


CONCLUDING REMARKS 

An investigation has been conducted in the Langley 8 -foot transonic pressure tunnel 
to ascertain drag characteristics of a family of elliptical forebodies in combination with a 
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cylindrical afterbody and varying from a hemisphere to a flat or plane nose, with turbu- 
lent flow existing over the forebodies. Test data were obtained at a constant Reynolds 
number (based on length of cylindrical afterbody) of 6.3 X 10^ for a subsonic Mach num- 
ber range from 0.20 to 0.90 and through a Reynolds number range from approximately 
4.1 x 106 to 13.3 x 106 at a Mach number of 0.60. All data were taken at 0° angle of 
attack. 

The results indicate that increasing the forebody bluntness rapidly decreases the 
drag-rise Mach number, except where flow separation ahead of the shoulder occurs. The 
presence of shock systems at the high subsonic Mach numbers steepens the pressure 
gradient and promotes separation for moderate forebody bluntness. It appears that for 
a Mach number equal to or less than 0.60 a bluntness ratio as low as about 0.65 can be 
tolerated before a large increase in drag occurs. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 7, 1966. 
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(b) Forebody configurations 1 to 6. 

Figure 2.- Photographs of configurations tested. 
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Figure 10.- Variation of normalized 
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